1 .0 INTRODUCTION Photovoltaic energy systems can play a role in ameliorating some important health (e.g., radiation induced effects of nuclear waste disposal) and environmental (e.g., atmospheric
pollution and global climate change) hazards related to energy production. Production, use and disposal of photovoltaic systems, however, are not without risk. In this context, this paper:
( 1 ) Discusses the current technology base for two promising thin-film options cadmium telluride (CdTe) and copper indium diselenide (CuinSe 2 ).
(2) Summarizes the toxicological information on cadmium (Cd) compounds.
Evaluates potential health, safety and environmental hazards associated with cadmium usage in the photovoltaics industry.
Describes regulatory requirements associated with the use, handling and disposal of cadmium compounds.
(5)
Lists management options to permit the safe and continued use of these materials.
Since the CdTe and CulnSe 2 options are rapidly nearing commercial use, early identification of these issues is important so that effective remediation efforts, where necessary, can be implemented. Energy (CdTe) for systems to be in-place in 1 990.
1 Cell Characteristics
Cadmium is used in the production of CdS/CdTe and CdS/CuinSe 2 devices. (!) The estimated quantities of cadmium used in the production of these devices vary as a function of material density, layer thickness, and material utilization efficiency. In Table I , densities for single crystal materials are given. These represent the upper limits for materials found in thin film cells because polycrystalline materials are generally less dense. <2) In each type of device, layer thickness may vary. CdTe layers made by Ametek Inc. are 2 microns thick (Meyers, 1 988) , while those made by Photon Energy are 6 microns (Albright Cadmium as a constituent of CdTe is a necessary part of the device. In CulnSe 2 devices cadmium is present because CdS is usually chosen as an n-type heterojunction partner. 3 2 Because a layer that is I micron thick and I m 2 in area contains 1 cm , the esti ates given in the last column of Table I can be used to calculate the amount of Cd per m f r each micron of layer thickness; thus, a 1 3icron layer of CdTe contains 2.75 g of Cd/m , and a 6 micron layer contains 1 6.5 g Cd/m . Ackerman, 1989) . Similarly, CdS layers made by ARCO Solar for CuinSe 2 devices are 0.03 microns (Mitchell et al., 1988) , while those made by Photon Energy are about 0.25 -3 microns (Albright and Ackerman, 1989) .
In the deposition of these layers, some materials are lost for various reasons including unwanted deposition on reactor walls. The ratio of material deposited on the final product to material supplied (feedstock) to the process is known as the utilization efficiency. Utilization efficiency can vary widely among different processing options. In Figures 1 and 2 CdTe Layer thickness (microns) Figure 1 . Quantity of cadmium feedstock material needed to make CdTe layers of differing thickness.
CdS Layer thickness (microns) Figure 2 . Quantity of cadmium feedstock material needed to make CdS layers of differing thickness. low cost process because of its potential for continuous processing, high throughput, and low capital costs. In systems used for making large areas, a utilization efficiency approaching 90% should be possible. demand for cadmium would be 1.3, 13, and 130 metric tons, respectively. Thus, even at high production rates, the photovoltaic industry would still represent only a small fraction of the total U.S. consumption.
Fabrication
Another perspective can be obtained by comparing the quantity of cadmium present in these devices with that emitted by conventional energy systems. On a per energy-unit basis, over its operating lifetime, a photovoltaic module containing 1 g of cadmium will produce about 1 MWh of electricity. This is approximately equal to the quantity of cadmium released to· the atmosphere by a coal-fired electricity generating plant producing 1 MWh of energy (U.S. DOE, 1989) . In addition, the coal-fired facility will also release other hazardous materials including about 120 g As/MWh. Put in this context, the cadmium issue associated with these photovoltaic devices again seems rather small. Finally, it is important to note that there are other larger environmental sources of cadmium. They include: cadmium-containing phosphate fertilizers, Ni/Cd batteries (which contain more chemically mobile cadmium compounds), and direct and fugitive emissions from primary and secondary metal smelters.
HEALTH AND SAFETY ISSUES
Health, safety and environmental concerns from use of cadmium may arise during cell/module manufacturing, module use, and module disposal. The issues that exist include:
(1) Inherent biological hazards associated with cadmium exposure.
(2) Health and safety of workers at manufacturing facilities.
(3) Health and safety of the public who could be exposed to waste products emitted from manufacturing facilities and to by-products associated with fires at consumer locations.
(4) Environmental hazards arising from the disposal of waste by-products from manufacturing and module decommissioning.
The projected impacts of cadmium usage in the photovoltaics industry should be based on analyses of mature, rather than current or emerging, technologies. The history of thin -film development has repeatedly shown that cell and processing options mature as they near commercialization. But, to give full breadth to this analysis, process and layer thickness that are more characteristic of current technologies are examined. Thus, these discussions give a "worst" case perspective on the hazards. They are based on electrodeposition and spray pyrolysis plants (3) manufacturing 10 MWp of CdTe photovoltaic cells per year.
These options represent extremes in cadmium usage because of their differences in deposition efficiency and assumed cell layer thickness. Similarly, because of the nature of the production process, they also span the range of potential health hazards associated with the use of cadmium compounds. Much of the information presented in these discussions is drawn from background papers prepared by Moskowitz et al. (1985) , Moskowitz et al. (1989) , and Moskowitz and Fthenakis (in preparation).
I Cadmium Toxicology
Details on the pharmacology and toxicology of inorganic cadmium compounds are -1984a , 1984b Occupational Safety and Health (OSHA -1 988] , and trade (e.g., Leone et al., 1986; Lauwerys and Malcom, 1985) agencies and organizations. Numerous reviews have also been published in the technical literature (e;g., Friberg et al., 1 985; Friberg et al., 1986) . Potential health effects of both acute-short term and chronic long-term exposures to inorganic cadmium compounds are summarized below; the information presented is extracted from the aforementioned reviews. In theory, the toxicology and hazards from different cadmium compounds (e.g., cadmium chloride, cadmium sulfide, cadmium telluride, cadmium sulfide) will differ due to physical (e.g., solubility) and pharmocokinectic (e.g., absorption across 2 Based on a total cell area of 110,000 m , 10% solar to electric efficiency, I 0% loss of active area due to cell separation and metal interconnects, and AM I conditions. 8 3 the gastrointestinal tract) factors. However, due to the general lack of compound specific information, the toxicology summaries presented below are for all inorganic cadmium compounds. Potential variations in health consequences by compound are now being examined.
Short-term inhalation of cadmium dusts and fumes at concentrations ranging from 200 500 ug;m 3 may cause symptoms of metal fume fever. More intense exposure (40 to 50 mgjm 3 for I hour, 9 mg;m 3 for 5 hours, and 5 mg;m 3 for 8 hours) may lead, after a latent interval of several hours, to more serious effects resulting from severe bronchial and pulmonary irritation. The health significance of increased urinary excretion of specific proteins in the absence of other evidence of kidney dysfunction is not well defined.
Absorption of cadmium by the body is about ten times greater from inhalation than through ingestion. WHO has calculated that a person ingesting 248 ug/day (or by analog inhaling 24.8 ug Cd/day) ( 4) would achieve a critical kidney concentration of 200 ug/g at age 50.
With daily ingestion intake limited to a range of 57-71 ug or daily inhalation (assuming no cadmium ingestion) limited to 5.7-7.1 ug Cd/da/ 5) , the renal cortex would receive only about a quarter of the critical concentration.
Various types of lung disturbances including emphysema, obstructive lung disease, pulmonary fibrosis, and lung cancer, have been found in workers chronically exposed to cadmium dust and fume. Measured exposure levels between 0.5 and 5 mg Cd/m 3 have b e en associated with increased mortality from respiratory disease among Swedish battery and U.K.
cadmium workers. EPA has concluded that inhaled inorganic cadmium compounds are probable human carcinogens. This determination was based on limited evidence from human epidemiologic studies and "sufficient" evidence of carcinogenicity in rats and mice. In this context, EPA has estimated that lifetime exposure to 6 x 10 -4 ug Cd/m 3 would result i n a 10 -4 lifetime cancer risk of 1 x 10 -6 ; the parallel estimate prepared by OSHA is 4.3 x ug Cd/m 3 . At present, there are no human clinical or animal experimental data to indicate that ingestion of cadmium results in cancer.
Chronic exposure to excessive cadmium levels may also cause bone disease characterized by softening, bending and reduction in bone size. Excessively exposed individuals may complain of pain in the back and extremities, and difficulties in walking. It is generally thought, however, that the bone changes are secondary to renal dysfunction. Such pronounced effects wer e observed in Japan, where there was an outbreak of Itai-ltai bone disease associated with unusually large exposure levels; estimated dietary intake ranged from 300-600 ug Cd/day.
In this case, the disease affected some women in their sixth decade who had borne several children. Although the etiology of the disease is not yet fully understood, it is thought that 4 Breathing air containing 1.2 ug Cd/m 3 for 24 hours/day would result in an intake of 24.8 ug Cd/day. 5
Breathing air containing -0.3 ug Cd/m 3 for 24 hours/day would result in an intake of 6 ug Cd/day. 1 cadmium exposure due to environmental pollution in the area, in association with various nutritional deficiencies, may have been an important contributing factor.
Other possible effects include hypertension,. nausea and nasal irritation. In some workers exposed to cadmium, loss of'sense of smell has also been observed.
Occupational Health
Hazards to worker (as well as public) health presented by cadmium compounds in various processing steps vary as a function of compound specific toxicity, exposure mode and physical state of the compound. Differences in toxicity among various cadmium compound were highlighted in the previous section. Possible exposure pathways include inhalation, ingestion .
and dermal absorption.
In production facilities, workers may be routinely or accidentally exposed to cadmium compounds through the air they breathe, as well as by ingestion from hand-to-mouth contact. Of theses two pathways, inhalation is probably the most important because of the larger exposure potential, and higher absorption efficiency of cadmium compounds through the lung than the gastrointestinal tract. In general, absorption through the skin is not recognized to be a large source of exposure to cadmium compounds. The physical state in which the cadmium compound is used and/or released to the external environment is another determinant of risk. Processing options m which cadmium compounds are used or produced in the form · of fine fumes or particles, especially those 5 microns diameter in size which are readily inhalable and penetrate deep into the lung, present larger hazards to health.
Similarly, processing options which use/produce volatile or soluble cadmium compounds also must be more closely scrutinized (note that neither cadmi\.lm sulfide nor cadmium telluride are soluble as pure compounds in water). Sources of possible exposures, and background information of the processes themselves, are given below.
In electrodeposition, the principal cadmium-related health hazards to workers are from dust generated during feedstock preparation, and from fine particles proximate to the
Although this is a potential hazard, biological monitoring data (as described in Section 5.1) collected at Ametek, where electrodeposition is currently used, show that these types of exposures can be maintained at levels which should not present risks to workers.
Accidental release of the liquid from a bath and subsequent cleanup may also present hazards to worker health.
In spray pyrolysis a large quantity of by-products including fine particles will be generated since it has a very low utilization efficiency (e.g., 5% -10%). Some of these materials will deposit on the reactor wall, requiring periodic scraping or chemical removal and
cleaning. The large remaining fraction will be contained in the exhaust gas. In this type of process, hazards to workers may arise from feedstock preparation, fume/vapor leaks, and maintenance type operations (e.g., scraping and cleaning). Because of the acute health hazard .
associated with cadmium fumes that could be accidentally released from a spray pyrolysis unit, special precautions are needed to protect worker health.
Public Health
Public health may be affected principally from chronic exposure to cadmium compounds released to the environment as a by-product of different manufacturing steps or as a waste from the uncontrolled disposal of spent photovoltaic modules at the end of their useful life. In addition to potential chronic low-level exposures, concern has also be expressed about hazards associated with the release of cadmium compounds during the accidental combustion of a CdTe array during a building fire. Potential exposure pathways of interest include food, water and air. As discussed in the previous sections, the actual hazard presented by these activities will also vary by compound. Again, those that are more physically and biologically mobile will tend to present greater hazards.
Alternate fabrication options may affect the environment in different ways.
Electrodeposition is a very efficient process; the technical literature suggests a process efficiency r r
Teo 2 680 of approximately 90%; the remaining I 0% is lost during rinsing or from product defects. (specific to anode electrodeposition) limit the industry to a maximum peak discharge of 7.03 mg Cdjkg of cadmium processed per day for direct discharges into surface waters and of 40 mg
Cd/kg for dischar e into publicly owned sewage treatment plants. Monthly average limits are 2.8 1 mg Cd/kg of cadmium processed per day for surface water discharges and 1 6 mg Cd/kg for treatment plant disposal. If effluent concentrations from the electrodeposition process option exceeds these limits, they will need to be treated prior to discharge. These effluents could be treated in an on-site Cd ++ treatment station similar to the one in which effluents from
CdS spray pyrolysis could be routinely treated (see below).
Because of the low efficiency in spray pyrolysis, large quantities of cadmium-conta ining wastes may be produced: assuming .a 1 0% utilization efficiency, about 950 kg of CdCI 2 , CdO, HCI, H 2 S, and thiourea by-products (e.g., S0 2 , urea) would be generated. Some of this material will be deposited on the reactor walls, but most of it will be in a gaseous form in the exhaust stream. Under these assumptions, an 8 hr/day operation for 250 days a year, would produce emission flow rates up to 0.45 kg/hr. According to the New York State Department of Environmental Conservation Guidelines (I 987), these emissions would need to be reduced by at least 60% to 0.2 kg/hr to meet the discharge limitations impo s ed by the state. (?)   6 The annual material use for a 1 0 MWp electrodeposition process is about 590 kg CdS0 4 and 450 kg of (assuming 90% process efficiency, 2 urn CdTe layer), and for pyrolysis is about kg of CdC1 2 and 280 kg of thiourea (assuming a 1 0% deposition efficiency and 0. 1 urn CdS layer). 7
There are no federal atmospheric emission standards for cadmium c o mpounds.
Large-scale disposal of spent photovoltaic devices will occur -20 to 30 years after their initial installation. In the decommissioning of these devices, the principal concern will be associated with the presence of cadmium in the solid wastes. Although most of the solid waste would be nonhazardous and could be placed simply at modest cost in a municipal landfill, the presence of more than 1 00 kg of cadmium in these devices could trigger requirements under the Resource Conservation and Recovery Act (RCRA -see Section 4.3) which would require disposal in a controlled hazardous waste landfill at much larger cost.
In principal, such triggering would occur only for disposal from a large, central-station application or from a repository of utility-controlled decentralized units. In the case of disposal in a municipal waste-stream, hazards to the public could arise from combustion and mobilization of cadmium compo nds to the atmosphere or from leaching of landfilled waste and mobilization of cadmium compounds into ground and surface waters and possibly terrestrial foodchains. Although these hazards are probably not large, they require further analysis.
Public health hazards associated with the release of cadmium from a CdTe/CdS module during a fire have aroused great interest. This question has recently been examined in some detail by Moskowitz and Fthenakis (in preparation). In their analyses they evaluated the release, atmospheric transport and risk associated with the mobilization to the atmosphere of cadmium present in CdTe modules. Fire scenarios involving a residential array of 5 kW P ' a commercial roof -top array of 1 00 kW ' and a 500 kW P ground-mounted sub-station were examined. Of P these scenarios, the first two are the most likely since residential and commercial buildings are often involved in fire related incidents; the third is highly improbable since it is difficult to conceptualize a mechanism leading to the complete combustion of a large ground-based array field. Nevertheless, as a "worst case" exercise, all three scenarios were evaluated by defining the source term, examining dispersion of emitted materials in the atmosphere, and estimating health risks associated with exposure to emitted compounds.
Two different assumptions were made to estimate the quantity of material released: (I) I00% of CdTe material present in the photovoltaic array fields is released to the atmosphere as dust and fumes; and, (2) 1 0% of CdTe is liberated to the atmosphere. The latter is more likely because of the high melting point of CdTe ( 1 041 °C).
To estimate the ground-level ambient atmospheric concentrations from these releases, a standard Gaussian atmospheric dispersion model was used.
In 
Clean Water Act
The Clean Water Act of 1 977 (CWA) authorized EPA to control industrial liquid discharges. To implement the Act, EPA has developed ambient water quality criteria and standards, and has established emission limitations for liquid pollutant discharges from many different industries. In addition, the Act authorizes EPA to prescribe "best management practices" to prevent the release of toxic and hazardous pollutants from manufacturing or f l treatment processes and the "best available technology economically achievable" to control the discharges of toxic pollutants (EPA, 1 983). Regulations developed for the semiconductor and photovoltaic industries include control requirements for pH, fluoride, and toxic organics, but fail to mention standards for cadmium. E ffluent and pretreatment standards have also been developed for battery manufacturing, and electrodeposition industries (EPA, 1984c; 1 984d).
These were discussed in Section 3.4. Inorganic cadmium compounds have been listed by EPA under authorities of this act as hazardous. A generator may be conditionally exempt from these regulations if no more than I00 kg per month of cadmium containing waste is produced. An exemption may also be granted if the generator can show through EPA toxicity testing procedures that the liquid extract from processed waste is not hazardous (i.e., the liquid extract does not contain more than 1 mg Cd/1) (EPA, 1986b).
Resource Conservation and Recovery
I l
Toxic Substances Control Act
Prior to enactment of the Toxic Substances Control Act (TSCA) of 198 1 , existing environmental legislation e.g., Clean Air Act, Federal Water Pollution Control Act, etc., provided for regulatory control of potentially toxic materials only after their discharge into the environment. As awareness of the scope and severity of hazards associated with toxic pollutants increased, the need for screening and/or testing of chemicals before they are used on a production scale was realized by Congress and became the major motivation for passage of TSCA. TSCA empowered EPA with two major regula t ory obligations: recommended that cadmium and its compounds be considered as potential occupational carcinogens and that occupational exposure levels be reduced to the lowest feasible level. ( 8 ) Similarly, OSHA has recently' issued a directive to alert employers and employees of the inadequacy of OSHA's own exposure standards and of the need to reduce exposures to the American Conference of Governmental and Industrial Hygienists standards for cadmium dust 8 "Potential occupational carcinogens" means any substance or mixture of substance which causes an increased incidence of benign and or malignant neoplasms, or a substantial decrease in the latency period between exposure and onset of neoplasms in humans or in one or more experimental mammalian species as the result of any oral, respiratory or dermal exposure, or any other exposure which results in the induction of tumors at a site other than the site of administration. (OSHA, 1988) .
MANAGEMENT OPTIONS
A mix of administrative, engineering, and personal controls may be needed to protect worker and ·public health from hazards associated with the use of cadmium. These are discussed below. Most of these discussions focus on occupational controls. In many instances these options may also be useful in protecting public health.
Administrative
Administrative controls refer to management options implemented at a facility to reduce occupational exposures to toxic materials like cadmium. Such controls include, but are not limited to: biannual chest x-rays, urinary cadmium measurements, and determination of forced vital capacity and forced expiratory volume) to compile essential baseline data to measure any change which might be attributable to cadmium exposure.
A critical component of this program is pre-placement, continuing (e.g., annually) and departure/termination measurements of urinary cadmium levels.
These data will give a reasonable indication of the relative effectiveness of control strategies implemented within the facility and also allow management to identify workers at risk.
In the event of a fire involving an array larger than 100 kW ' emergency response P personnel should notify the public to stay indoors with all windows closed until the transient
cloud containing the cadmium dust and fume disperses to safe concentrations. Procedures for notifying the public (e.g., sirens) should be planned before the installation of such devices.
Furthermore, practice exercises should be conducted routinely.
Because of concerns associated with disposal of spent devices containing cadmium compounds, existing institutional controls as enumerated under RCRA should be followed to ensure that such devices are disposed of in an environmentally sound manner. Institutional mechanisms, however, do not exist for controlling disposal of arrays from small decentralized applications. Although hazards presented by such disposal are probably not large, both control options and hazards should be more carefully evaluated.
Engineering
Engineering controls to protect occupational health from cadmium fumes or dust include process station isolation and work space ventilation options. Process isolation can be done by physically enclosing the station while providing local exhaust, and worker's interface by e.g., "a glove box". Local exhaust ventilation can also be provided without totally encl sing the process station by negative pressure exhaust just above the process station or by "air curtains" where air is forced between the worker and the source of emissions to carry away and subsequen tly exhaust contaminants. In addition to process station exhaust, adequate ventilation of the whole work space will be required to prevent the accumulation of any residual contaminants.
Together, these two options should always keep the concentration of cadmium compounds below the permissible limits. Frequent monitoring may be required for areas with large potential sources of cadmium compounds (e.g. , spray pyrolysis area). In other areas, for example laser scribing, less frequent monitoring may suffice. It may be possible to use this solution in the electrodeposition of CdTe.
Personal
Personal controls relate to actions available to the individual to reduce his/her own exposure levels. In this context, proper personal hygiene is extremely important because of the potential for ingesting cadmium. Employees who work in an environment where cadmium dust is present should shower daily and wash their hands and faces prior to eating, smoking and drinking. Employees should also be encouraged to refrain from n il bitting and from wiping their faces with the sleeves of their shirts or jackets. While working with cadmium, employees should use personal protective equipment to avoid all potential skin contact, including where appropriate, gloves and a laboratory coat. Similarly, all operations in which cadmiumcontaining dust or fumes might be generated should be conducted within a properly designed and functioning hood, or other suitable containment device to reduce all inhalation potentials.
Maintenance workers tasked with the routine clean-up of reactors and clean-up of accidental spills may be at special risk.
During such operations, they should use OSHA-certified respirators or supplied air, as well as other personal protective devices (e.g., gloves). After clean-up operations have been completed, these workers should be required to shower and change their clothing. l
CONCLUSIONS AND RECOMMENDATIONS
Handling of cadmium in photovoltaic production can present hazards to health, safety and the environment. As discussed, however, prior recognition of these hazards can allow device manufacturers and administrators to implement appropriate and readily available hazard management strategies. Hazards associated with product use (i.e., array fires) and disposal remain controversial and partially unresolved. The most likely effects would be those associated with chronic low-level exposures to cadmium wastes. Because of the long latency period associated with the manifestation of such effects, and the availability of environmental and biomonitoring protocols, such hazards can be easily and inexpei]sively monitored, and remediated if necessary. In any event, the relative risk presented by these devices is small for the following important reasons:
( 1 ) Cadmium-containing modules are by design well-sealed from the environment, usually between two sheets of glass. This design should prevent the mobilization of the cadmium compounds from arrays placed in landfills.
(2) CdTe and CdS compounds are thermally and chem ically stable. To the extent that the perceived hazards from these activities are important, management strategies can be implemented to reduce them. It is quite possible, for example, that in lieu of disposal, CdTe modules could be recycled for their valuable, high purity cadmium and tellurium. This possibility is now being explored.
(3) Cadmium-containing modules do not present any major new hazard to health or the environment, especially if reasonable management strategies are implemented. Furthermore, as an alternative to existing energy options, which are by themselves far more stressful to health and the environment, cadmium-containing modules could reduce other important energy-related health and environmental hazards. In conclusion, the cadmium-containing modules examined in this report are among the most promising photovoltaic options. They have a substantial probability of achieving the long term goals established by DOE for cost, efficiency, and stability. Concern about cadmium hazards should continue to be emphasized to ensure that health, safety and environmental hazards are properly managed. At the same time, the potential benefits in ameliorating some important health (e.g., radiation induced effects of nuclear waste disposal) and environmental (e.g., atmospheric pollution and global climate change) hazards related to energy production from conventional energy sources should not be ignored. 
